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Abstract

Reports indicate that leaf onset (leaf flush) of deciduous trees in cool-temperate

ecosystems is occurring earlier in the spring in response to global warming. In

this study, we created two types of phenology models, one driven only by

warmth (spring warming [SW] model) and another driven by both warmth

and winter chilling (parallel chill [PC] model), to predict such phenomena in

the Japanese Islands at high spatial resolution (500 m). We calibrated these

models using leaf onset dates derived from satellite data (Terra/MODIS) and

in situ temperature data derived from a dense network of ground stations Auto-

mated Meteorological Data Acquisition System. We ran the model using future

climate predictions created by the Japanese Meteorological Agency’s MRI-

AGCM3.1S model. In comparison to the first decade of the 2000s, our results

predict that the date of leaf onset in the 2030s will advance by an average of

12 days under the SW model and 7 days under the PC model throughout the

study area. The date of onset in the 2090s will advance by 26 days under the

SW model and by 15 days under the PC model. The greatest impact will occur

on Hokkaido (the northernmost island) and in the central mountains.

Introduction

Phenology is the study of the timing and cues of seasonal

phenomena related to animals and plants. One example is

the spring leaf onset (leaf flush) of some deciduous trees,

which has been reported to be occurring earlier in the

spring in several places around the world (Walther et al.

2002; Matsumoto et al. 2003; Badeck et al. 2004). Timing
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of leaf onset determines the active period of leaf photosyn-

thesis, respiration, and transpiration, which in turn influ-

ences primary production (Myneni et al. 1997; Menzel and

Fabian 1999) and climate feedbacks (Sitch et al. 2003).

Early leaf onset can lead to increased damage caused by

late-spring frost (Cannel and Smith 1986). Thus, a shift in

the timing of spring leaf onset is an important issue in the

assessment of climatic impacts on forest ecosystems.

Among the many phenological phenomena, this study

focused on the timing of spring leaf onset for deciduous

trees in the cool-temperate region of Japan.

Leaf onset can be predicted based on an empirical rela-

tionship between environmental conditions and the growth

process of leaf buds. In general, the buds of cool-temperate

deciduous trees flush (expand) in response to warmth dur-

ing the spring (Perry 1971). The elucidation of this fact led

to the degree-day (thermal time) concept, in which the

cumulative temperature above a certain threshold is linearly

related to the growth rate of buds (e.g., Richardson et al.

2006). Most degree-day approaches count a quantity called

the “growing degree-day” (GDD), which is defined as the

sum of the amount of daily average temperature above a

threshold value during the winter and spring. The simplest

degree-day approach assumes that the leaf flush starts when

the GDD exceeds a critical value (GDDC), which is assumed

to be a constant. Studies have shown, however, that the criti-

cal value also depends on the winter chilling conditions

(Cannel and Smith 1983; Murray et al. 1989; Hunter and

Lechowicz 1992; Kramer 1994a, 1995). In fact, leaf onset in

some species occurs at a lower GDD if they have

experienced a sufficiently low temperature to fulfill the

plant’s chilling requirement and break winter bud dormancy

(Perry 1971; Landsberg 1974; Campbell and Sugano 1975).

There are several types of models based on the degree-

day approach, with various levels of complexity. Compar-

ative studies of those models have revealed that more

complex models do not necessarily perform better than

simple models (Hunter and Lechowicz 1992; Chuine et al.

1998). The generalized models (e.g., Chuine 2000) that

combine many aspects of different schemes contain many

parameters and thus require elaborate work and large

data sets for calibration.

In general, the sensitivity of leaf phenology to climate

depends on the species (e.g., Murray et al. 1989; Morin

et al. 2009). Moreover, even within a species, the sensitiv-

ity of leaf onset timing to temperature can differ among

populations that have adjusted to different climatic condi-

tions (e.g., von Wuehlisch et al. 1995; Ducousso et al.

1996; Doi and Katano 2008). However, the degree of spe-

cies dependence and the role of climatic adaptation in the

sensitivity of leaf onset to temperature remain unclear.

Most previous predictive studies calibrated and vali-

dated the leaf onset models using in situ data from only a

few field sites (Cannel and Smith 1986; Murray et al.

1989; Kramer 1994b). Such an approach is also common

in regional and continental-scale analyses. For example,

Morin et al. (2009) took this approach to predict leaf phe-

nology in North America. They calibrated the model with

in situ data from only three sites and applied the results to

the entire continent. However, such an approach cannot

account for the known variability of onset characteristics

within a species in response to geographical heterogeneity.

The aim of this study was to predict changes in future

leaf onset dates of deciduous trees in Japan in response to

climate change, at high resolution. To achieve this goal, we

used two phenology models to predict onset dates in the

2030s and 2090s. Because of the great biodiversity arising

from the complex geographical conditions in Japan (partic-

ularly the presence of rugged mountains), this analysis

must be done at sufficiently high spatial resolution to

account for the variability of phenological sensitivity across

the region. Therefore, we utilized satellite remote sensing

data (Terra/MODIS) to calibrate the phenology model and

used a numerical prediction of future climate with high

spatial resolution (20 km) to drive the model. Our primary

objectives were to elucidate how much the spring leaf onset

will be advanced or delayed in Japan in response to climate

change and the geographic patterns of the change.

Materials and Methods

Study area

The study area included the main Japanese Islands (Hok-

kaido, Honshu, Shikoku, and Kyushu) and their general

vicinity (29°58′15″N to 46°04′30″N, 129°01′45″E to

147°58′30″E on the Japanese Geodetic Datum 2000). All

the spatial analyses were performed using rectangular geo-

graphic coordinates (a so-called lat-lon projection).

Temperature data

We used two types of temperature data sets to drive the

phenology model: past temperature data for calibrating the

model and future climate-change scenario data for predict-

ing the temperatures that would affect future leaf onset

dates. The past data (daily mean air temperature from 1994

to 2009) were acquired by the Automated Meteorological

Data Acquisition System (AMeDAS), which is managed by

the Japan Meteorological Agency. In Japan, there are ~1300
weather stations in the AMeDAS network. They are installed

at ~20-km intervals across Japan. We interpolated the station

data using the following procedure. First, we converted the

temperature at each site to the equivalent temperature at sea

level by adding a bias of 0.6 K for every 100 m of elevation.

Second, we interpolated the equivalent temperature at all the
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sites using a method based on regularized splines with ten-

sion (Mit�a�sov�a and Mit�a�s 1993) and projected the results

onto a 30-arc-second grid (i.e., a resolution of about 1 km).

Finally, we converted the interpolated map of equivalent

temperature to the real temperature at each elevation by

subtracting the bias. This process was performed on data

for each day during the entire period. The elevation data

used for this process were taken from the U.S. Geological

Survey GTOPO30 (http://eros.usgs.gov/#/Find_Data/Prod-

ucts_and_Data_Available/GTOPO30). Figure 1 (left) shows

the mean temperature map for 2006 as an example of the

temperature distribution derived from these data.

The future data set was obtained from a simulation

made using the Japanese Meteorological Agency’s MRI-

AGCM3.1S model (Mizuta et al. 2006, 2008). The data

set, which is called MRI-AM20km, contains daily average

temperature values at 11′15″ resolution (about 20 km)

throughout the Japanese Islands for three periods: the

present (1979–2003), the near future (2015–2039), and

the end of the 21st century (2075–2099). The simulation

is based on the A1B emission scenario of the IPCC Spe-

cial Report on Emission Scenarios (SRES; IPCC 2000).

Generally speaking, the higher the spatial resolution of

the model, the more realistically it accounts for topo-

graphic influences. The 20-km resolution is thought to be

the current “best effort” for this scale of regional

prediction. We extracted and utilized predictions for three

decades from this data set, namely 1994–2003, 2030–2039,
and 2090–2099. We disaggregated these data to a 30-

arc-second grid (about 1 km) using the following proce-

dure. First, we calculated the difference between the daily

temperature maps derived from AMeDAS and MRI-

AM20km during the present period, from 1994 to 2003.

We then added this difference to the daily data for the

two future periods (2030–2039 and 2090–2099).

Phenology data

We utilized leaf onset maps derived from the MODIS sen-

sor on the Terra satellite from 2001 to 2009 to calibrate the

phenology models. The maps were derived using the algo-

rithm of Motohka et al. (2010), which is based on the

green–red vegetation index (GRVI). The MODIS data were

the MOD09 A1 product (Surface Reflectance 8-Day L3

Global 500 m SIN Grid V004; 500-m resolution; 8-day

composite). Many previous studies used the normalized

difference vegetation index (NDVI) for the detection of leaf

onset, but GRVI is better than NDVI in several aspects,

especially its robustness in the face of errors caused by

snow cover (Motohka et al. 2010; Nagai et al. 2010). The

leaf onset date was assumed to correspond to the date on

which GRVI exceeded 0.05 for the first time before day of

year (DOY) 200. If this condition was not met at a pixel,

which most often happened in evergreen forests, we

assumed that leaf onset did not happen for the entire year

at that pixel. Figure 1 (right) shows an example of a leaf

onset map derived by this analysis.

Phenology models

We mainly focused on the temperate and cool-temperate

forests in Japan. As mentioned earlier, deciduous trees in

cool-temperate ecosystems begin their bud expansion after

exposure to a combination of chilling in winter and

warmth in spring. However, the underlying mechanisms

and formulation of the chilling effect are still unknown for

many species and many circumstances. Therefore, we

decided to employ two types of simple phenology model.

The spring warming (SW) model is driven by warmth

alone, whereas the parallel chill (PC) model is driven not

only by warmth but also strongly by chilling. These two

Figure 1. Left: Mean annual air temperature

in 2006 derived from the ground weather

network AMeDAS. Right: Leaf onset date in

2006, as derived using the green–red

vegetation index (GRVI) method (Motohka

et al. 2010) based on Terra/MODIS data at

500-m resolution. The areas without color are

places where leaf onset was not detected.
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types of model were compared by Hunter and Lechowicz

(1992). Figure 2 shows a conceptual diagram of the SW

and PC models. Because these two models have the smallest

(SW) and largest (PC) sensitivity to the chilling effect,

which would be the dominant uncertainty factor control-

ling the spring phenology in this region, we assumed that

the reality would lie between these two extreme models and

that our analysis would be valid between these extremes.

The SW model is the simplest implementation of the

degree-day approach. It calculates GDD as follows:

GDDðtÞ ¼
Xt

i¼1

maxðTi � k; 0Þ (1)

where t is time (DOY), Ti is daily mean air temperature on

DOY i, and k is the minimum temperature required for

growth. Although the starting DOY for counting GDD can

be treated as a site-dependent variable, we assumed it to be

1 (1 January), which is a constant value for all regions. In

future research, it would be worthwhile determining

whether regional calibration of this starting day would

improve the prediction accuracy. Although k may depend

on both region and species, we assumed that k = 0°C, as
this was the optimal value used for cool-temperate decidu-

ous broadleaved forests in the analysis by Botta et al.

(2000). We assumed that leaf onset occurred when GDD

reached a critical (threshold) value (GDDC), which

depends on the species and region but remains constant

among years. We calculated GDDC for each pixel for each

year from 2001 to 2009 using the satellite leaf onset maps

and the past temperature maps. Then, we calculated an

interannual average of GDDC for each pixel and used these

values for the prediction of future leaf onset dates.

The PC model is similar to the SW model, but GDDC

also depends on winter chilling. It assumes that an

increase in the number of chilling days (NCD) reduces a

plant’s requirement for spring warmth to initiate bud

growth (Cannel and Smith 1983; Murray et al. 1989) and

hence reduces GDDC. We used the method of Murray

et al. (1989) and assumed GDDC to be a function of the

NCD, which is defined as follows:

NCDðtÞ ¼
Xt

i¼Nov:1

1 if Ti\k0

0 if Ti � k0

� �
(2)

where k0 is the maximum temperature at which the chilling

effect occurs. We assumed k0 = 5°C based on the analysis

of Murray et al. (1989). We chose 1 November as the start

of the chilling period based on the fact that most of the

deciduous forests in this region complete leaf fall before

this timing and the days with average temperature below

5°C increase after this timing. Leaf onset occurs when GDD

reaches GDDC, which is an exponential function of NCD:

GDDc ¼ aþ b exp ½cNCDðtÞ� (3)

where a is the interannual mean of the difference between

b exp[cNCD(t)] and GDD at the leaf onset date and

b and c are constants that depend (in principle) on the

species and region. In practice, we applied the parameters

(b = 1084, c = �0.00904) for the group that was most

sensitive to winter chilling (group 1) in the experiment of

Murray et al. (1989) to all pixels. Using the satellite leaf

onset maps and the past temperature maps, we adjusted a

for each pixel.

Future prediction

After calibrating the SW and PC models with the past

climate data and satellite data (2001–2009), we ran the

models to predict the future daily temperature time series

for two periods (2030–2039 and 2090–2099) at a 15-arc-

second (about 500 m) grid scale. As a result, we obtained

a prediction of leaf onset date at each pixel in each year.

We were unable to simulate regions where the phenology

model could not be established (mainly because the satel-

lite algorithm for phenology detection failed). We

excluded these areas from our analysis.

To check the accuracy of the models, we ran the mod-

els for the past years using the following procedures. First,

we excluded 1 year from 2001 to 2009 (i.e., leave-one-out

validation) and then estimated the parameters of the

models (GDDC and a) with the aforementioned protocol

using the remaining data. We considered the calibrated

parameters to be independent of the data in that year.

Next, we ran the model with those parameters for that

year and compared the predicted onset date with the

actual observed onset date. For example, we predicted the

onset date in 2001 using data from 2002 to 2009, then

Figure 2. A conceptual diagram of the SW and PC models that we

used to predict future leaf onset dates.
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compared that predicted date with the actual observed

date in 2001. We carried out this process for every year

from 2001 to 2009. As a result, we obtained the discrep-

ancies between the model simulations and the observa-

tions for each year at each pixel. We calculated the RMSE

(root-mean-square error) at each pixel and assumed that

it represented the magnitude of the simulation error.

We analyzed the entire region without selecting a partic-

ular land cover that has clear natural phenology (such as

deciduous forest). Some parts of the study area may con-

sist of agricultural land, grassland, or urban areas rather

than deciduous forest, or may consist of a mixture of these

types. The presence of a combination of multiple land cov-

ers would create mixed pixels. Therefore, some of what

appear to be phenological signals in the analysis may

instead be errors caused by other factors that arose from

the complex landscape (such as changes in crop phenology

due to differences in planting dates). To mitigate this

problem, we studied pixels in more detail at four field

study sites of deciduous forests using one pixel for each

site: Teshio (TSE), Takayama (TKY), Fujihokuroku

(FHK), and Daisen (DSN). These sites are considered to

have spatial coverage bigger than the satellite pixel. Because

the phenology in these sites are regularly monitored from

the ground, we can expect that they will serve validation data

in the future for the prediction made in this study. They are

part of the AsiaFlux network of sites (http://asiaflux.net/),

except for DSN, which belongs to the Internet Nature Infor-

mation System (http://www.sizenken.biodic.go.jp/live/index.

php), a monitoring network of automatic digital cameras

maintained by the Ministry of Environment, Japan. Figure 3

shows the locations of these sites; Table 1 provides a detailed

description of their key characteristics.

Results

The RMSE for the simulation was about 8 days in both

models: on average, it was 8.0 days for the SW model and

8.2 days for the PC model. This is comparable to the tempo-

ral resolution of the satellite observations (8 days). Assum-

ing that the error is independent among the years, an RMSE

of 8 days for a single year at a single pixel would correspond

to RMSE = 2.5 days (eight divided by the square root of

10 years) for the decadal mean at a single pixel.

As is indicated by the spatial pattern of the errors

(Fig. 4), many pixels had RMSE <8 days: 65% of the pix-

els for the SW model and 64% for the PC model. The

largest errors (>10 days) were mainly for agricultural

land. In addition, detection of the onset date failed in

much of the southern and western parts of the study area,

perhaps because those areas were mainly covered by ever-

green trees. Therefore, the models appear to be most reli-

able in the central to northern parts of the study area,

except for agricultural land.

The simulations predicted an advance of the onset date

in the future at most locations (Fig. 5B, C, E, and F). The

magnitude of the advance was much greater using the

SW model than using the PC model, probably because

Table 1. The details of the four ground sites used in the detailed

analysis.

Teshio (TSE): conifer-hardwood mixed forest

Location and elevation 45.051°N, 142.110°E, 70 m

Mean annual temperature

Mean annual precipitation

5.7°C

1000 mm

Dominant species Quercus crispula, Betula ermanii,

Abies sachalinensis

Takayama (TKY): deciduous broadleaved forest

Location and elevation 36.146°N, 137.423°E, 1420 m

Mean annual temperature

Mean annual precipitation

6.5°C

2275 mm

Dominant species Quercus crispula, Betula ermanii

Fujihokuroku (FHK): larch plantation

Location and elevation 35.444°N, 138.765°E, 1100 m

Mean annual temperature

Mean annual precipitation

9.6°C

1566 mm

Dominant species Larix kaempferi

Daisen (DSN): deciduous broadleaved forest

Location and elevation 35.377°N, 133.540°E, 900 m

Mean annual temperature

Mean annual precipitation

11.1°C

2574 mm

Dominant species Quercus crispula, Fagus crenata

Figure 3. Map showing the four ground sites at which typical

deciduous forests have been monitored regularly. These sites were

investigated in more detail in our analysis.
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the PC model accounted for the decrease in the frequency

of temperatures capable of breaking dormancy as a result

of increasing temperatures (Fig. 5A and D).

In comparison with the first decade of the 2000s

(2001–2009), the date of leaf onset in the 2030s will

advance by about 12 days under the SW model (mean,

11.6 days; median, 12.5 days), versus about 7 days under

the PC model (mean, 6.9 days; median, 7.6 days)

throughout the study region (Fig. 5B and C). In other

words, the advance will be by 2.3 days/decade under the

PC model and 4.0 days/decade under the SW model.

Both models predicted earlier onset in most of the study

area. However, the SW model predicted earlier leaf onset

than the PC model in most of the study area.

In comparison with the first decade of the 2000s, the date

of leaf onset in the 2090s will advance by around 26 days

under the SW model (mean, 26.0 days; median, 26.4 days)

and by 15 days under the PC model (mean, 14.2 days;

median, 15.2 days) throughout the study region (Fig. 5E

and F). In other words, the onset date will advance by

1.6 days/decade under the PC model and 2.9 days/decade

under the SW model. Both models predicted earlier onset

in most of the study area, particularly on Hokkaido (the

northern island) and in the central mountains.

Table 2 shows the adjusted model parameters for the

four monitoring sites. The adjusted value of GDDC was

positively related to the mean annual temperature

(Table 1) at the sites. Figure 6 shows the changes in leaf

onset dates from the first decade of the 2000s to the

2030s and to the 2090s for the four sites. Both models

predicted an advance of leaf onset at all four sites

throughout the study period (until the 2030s and the

2090s). However, the magnitude of the changes differed

somewhat; FHK showed a more sensitive response to

future climate than the other sites. In addition, the PC

model only predicted an advance in the leaf onset date at

the site in the 2030s.

Discussion

The advance of spring leaf onset

Both the SW model and the PC model predicted an

advance of the leaf onset date. Because the SW model rep-

resents chilling-insensitive species and the PC model repre-

sents species with high chilling sensitivity, the reality is

likely to be somewhere between these two models. The rate

of change in the leaf onset date from the present to the end

of the 2090s is predicted to be 2.9 days/decade according to

the SW model and 1.6 days/decade according to the PC

model. These values are comparable to existing observa-

tions in Japan; for example, Doi and Katano (2008)

reported a rate of 2.7 days/decade from 1953 to 2005, and

Matsumoto et al. (2003) reported a rate of 0.89 days/dec-

ade from 1953 to 2000. Therefore, our results suggest that

for most deciduous trees in Japan, the leaf onset date will

shift to become progressively earlier for at least the next

100 years.

Geographic patterns of the change in leaf
onset date

Leaf onset is mainly controlled by temperature, but the

impact of temperature is not necessarily simple. In a

cold region, for example, there might be two situations.

In the first case, if the increase of temperature is mod-

erate, it would likely remain sufficiently cold that the

number of days with a temperature above the threshold

(0°C for GDD and 5°C for NCD) would not increase

greatly even under a warmer climate. Even if the tem-

Figure 4. The distribution of the single-year

prediction error (RMSE) for the leaf onset date

for (left) the SW (spring warming) model and

(right) the PC (parallel chill) model.
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perature increased above the threshold, it would likely

not be far beyond the threshold, hence the increment of

GDD in spring would remain small. In this case, GDD

and NCD would change little, as would the leaf onset

date. This may be why the spatial pattern of the change

of onset in the 2030s predicted by the PC model

(A) (D)

(B) (E)

(C) (F)

Figure 5. The influences of predicted climate

change on the spring leaf onset data simulated

by the SW and PC models. (A–C) Changes

between the first decade of the 2000s and the

2030s (values are 2030s minus 2000s). (D–F)

Changes between the first decade of the

2000s and the 2090s (values are 2090s minus

2000s). (A, D) Changes of the annual mean

temperature predicted by the MRI-AGCM3.1S

model under the IPCC A1B scenario. Positive

values represent higher temperatures

(warming) in the future. (B, E) Changes in the

spring onset date predicted by the SW (spring

warming) model. Negative values represent

earlier onset in the future. (C, F) Changes in

the spring onset date predicted by the PC

(parallel chill) model. Negative values represent

earlier onset in the future.
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(Fig. 5C) shows a smaller and more homogeneous

change than the pattern predicted by the SW model

(Fig. 5B).

In the second case, if the increase of temperature is high

or the present baseline temperature is already close to the

threshold, a greater advance in the onset date may occur.

This would be the case if the predicted temperature

increase is particularly high in cold regions. This may be

why the change pattern in the 2090s predicted by the PC

model (Fig. 5F) corresponded well to the change pattern

of temperature (Fig. 5D), particularly in Hokkaido (the

northern island) and in the central mountains. In fact,

JMA (2008) has predicted that a winter warming trend

will be particularly evident at high latitudes in Japan

during the 21st century. Therefore, in this second case, the

spatial pattern of the onset date in Japan will change, par-

ticularly in cold regions.

Primary factors underlying the changes
predicted at the long-term monitoring sites

Among the four sites, the largest change was predicted at

the FHK site, which belongs to the central mountains,

under the SW model: leaf onset will occur 12.9 days ear-

lier in the 2030s and 26.1 days earlier in the 2090s com-

pared with values for the first decade of the 2000s. The

present baseline temperature at FHK is relatively high, so

a slight increase in temperature would result in more days

being warmer than the threshold, such that GDD would

start to increase earlier in the winter. This is a typical sit-

uation for the second scenario discussed in the previous

section. Although the advance is smaller under the PC

model than under the SW model, the PC model nonethe-

less predicted an advance of the onset date at all four

sites. This indicated that a decrease in chilling opportuni-

ties would not outweigh the increase of GDD.

Figure 6. Changes in the leaf onset dates

observed and predicted at the four sites that

were analyzed in more detail: TSE, Teshio;

TKY, Takayama; FHK, Fujihokuroku; DSN,

Daisen. The locations and details of the sites

are presented in Figure 3 and Table 1,

respectively. The data for the period between

2000 and 2009 were obtained from satellite

observations (MODIS GRVI). The rest of the

data were obtained from the simulation using

the two phenology models (SW, spring

warming; PC, parallel chill).

Table 2. The adjusted parameters for the leaf onset models at each

site in Table 1.

Site GDDC (°C-day) a (°C-day)

Teshio (TSE) 215 � 59 –20 � 71

Takayama (TKY) 372 � 77 117 � 79

Fujihokuroku (FHK) 429 � 82 86 � 87

Daisen (DSN) 405 � 53 124 � 64

GDDC was obtained using equation (1) for the SW model and a was

obtained using equation (3) for the PC model. Both values were

adjusted at each ground site. Values are the mean � the standard

deviation derived by leave-one-out approach.
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Parameterization of the models

Because the goal of this study was to predict changes in

the future onset date by establishing a potential range of

uncertainty values, detailed analysis of the model’s sensi-

tivity to specific factors (e.g., a pixelwise analysis) is out-

side the scope of our study. Moreover, the detection of

leaf onset using a satellite vegetation index such as GRVI

is, at least in principle, site dependent. Because the index

is influenced by site-dependent factors such as the solar

angle (which depends on latitude), the background soil,

the mixture of land cover types, and other factors, it

would not be meaningful to directly compare the parame-

ters and onset dates detected by this approach unless the

sites locate in similar conditions. Therefore, we have

focused only on the change of the onset date at each site.

However, to some extent, the model parameters should be

related to the acclimation mechanisms of the trees. For

example, the positive correlation between GDDC and the

annual mean temperature was found (r = 0.62), suggest-

ing that the tree species show at least some acclimation to

the local climate. On the other hand, the decreased accu-

racy of the prediction in the warm regions (southwestern

Japan) could be a consequence of our assumption that the

starting date for calculating GDD could be set to a con-

stant value (1 January) in equation (1). Investigating the

effects of adjusting this parameter would require a pixel-

wise parameterization rather than the use of a regional-

scale constant value for the parameter. Unfortunately, we

could not perform this analysis because of limitations on

the available data (particularly satellite data). This con-

straint could be mitigated in the near future by extending

the spring phenology records in the satellite data.

Limitations of this analysis

Clearly, uncertainties may exist in our results because of

factors such as the presence of mixed-species forests, sub-

pixel heterogeneity that was not detected by our analysis,

differences in the degree of acclimation of different species,

and human interventions in forest management. Satellite-

based pixelwise phenology models, such as the ones used in

this study, cannot attribute the results for a pixel to indi-

vidual species unless the pixel is covered by a single species

(which rarely happens in a landscape as variable as that of

Japan). Therefore, instead of a complex model that takes

species-level features into account, it is legitimate to make

a range of predictions using two or more simple models.

However, if most of the dominant species in a certain

region have similar phenological features, and the features

can be clearly identified and described, more accurate pre-

dictions could be obtained using a single model that accu-

rately represents the common features in that region.

However, the analysis is unlikely to be so simple in reality.

For example, a transplanting experiment in Japan by

Nunokawa and Tsukahara (2005) showed that the leaf

onset date of Japanese beech (Fagus crenata) was earlier if

the plants were obtained from a colder region and planted

in a warmer region. In contrast, the onset date of Betula

ermanii was later if it was taken from a region with a colder

May temperature and planted in a warmer region (Ubukata

2003). These contrasts between species that often inhabit

the same cool-temperate ecosystems in Japan would com-

plicate analyses of the response of phenology to climate

change at the ecosystem level.

Another limitation is related to the dynamics of land

use and cover change. We did not account for temporal

changes in species (e.g., succession) or in land use during

the 21st century, and these changes would clearly affect

the predicted changes in leaf onset date.

Finally, we used the climate predictions provided by a

single model under a single SRES scenario. Future studies

should examine the uncertainty of these results using

multiple climate prediction models under a range of SRES

scenarios.
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